Abstract. Large-scale simulation of the soil-derived dust emission in semi-arid regions needs to account for the in¯uence of the soil moisture on the wind erosion threshold. Soil water retention consists of molecular adsorption on the soil grain surface and capillary forces between the grain. Interparticle capillary forces (characterized by the moisture tension) are the main factor responsible for the increase of the wind erosion threshold observed when the soil moisture increases. When the soil moisture content is close to but smaller than the maximum amount of adsorbed water, w¢ (depending on the soil texture), these capillary forces are considered as not strong enough to signi®cantly increase the erosion threshold. An expression of the moisture tension as a function of soil moisture and w¢ is derived from retention curves. From this expression, a parametrization of the ratio of the wet to dry erosion thresholds has been developed as a function of soil moisture and soil texture. The coecients of this parametrization have been determined by using experimental data from the literature. An empirical relationship between w¢ and soil clay content has been established. The erosion threshold ratios simulated for dierent soil textures were found to be in good agreement with the experimental data.
Introduction
Wind erosion in arid and semi-arid regions is the major source of tropospheric aerosols (Andreae, 1994) . During transport in the atmosphere, these soil-derived particles strongly aect the radiative budget by backscattering and absorbing incoming (visible) and outgoing (infrared) radiation (Andreae, 1996; Li et al., 1996) . Moreover, recent works (Tegen et al., 1996; Andreae, 1996) suggest that dust emissions in semi-arid regions could increase due to human or climatic disturbances like overgrazing or drought. These changes in dust emissions from the semi-arid areas may signi®cantly aect the radiative budget in the sub-tropical regions and, hence, the atmospheric global circulation (Li et al., 1996) .
Aeolian erosion occurs only when a threshold value of the wind velocity is reached and this threshold depends on the soil surface features. As a result, dust emissions are sporadic and spatially heterogeneous, making dicult any precise assessment of their impacts. Thus modelling is one of the best approaches to quantify dust emissions over arid and semi-arid areas.
A dust emission model representing the in¯uence of the wind velocity and soil surface features has been developed for large-scale application (Marticorena and Bergametti, 1995; Marticorena et al., 1997a) . It includes a physical parametrization of the threshold friction velocity (the key parameter of the erosion processes) based on a drag partition scheme (in which the wind energy is transfered to the erodible surface as a function of the surface roughness length) and the size of the erodible aggregates. This parametrization has been validated with various experimental data obtained in wind tunnels (Marticorena and Bergametti, 1995; Marticorena et al., 1997b) . Applied to arid deserts, this model leads to satisfying spatial and temporal estimations of the soil-derived dust emissions (Marticorena and Bergametti, 1996; Marticorena et al., 1997a) . Precise estimations of dust emissions from these semi-arid areas required to complete this model developed with parametrizations that account for the in¯uence of seasonal precipitation on the erosion thresholds. Precipitation has mainly two eects: (1) it allows the growth of seasonal vegetation able to absorb a part of the wind energy; and (2) soil moisture increases the erosion threshold due to reinforcement of soil cohesion.
The aim of the present work is to develop a parametrization of the in¯uence of the soil moisture on the erosion threshold for large-scale simulations of dust emissions. This parametrization should involve parameters available on such scales and should apply to most of the soils encountered in semi-arid areas. The in¯uence of the seasonal vegetation will be investigated in a forthcoming paper.
2 Wet soil cohesion and wind erosion threshold Chepil (1956) considered that the in¯uence of soil moisture on wind erosion rates depends on soil texture and can be explained by interparticle cohesion forces due to soil water retention processes. Based on this work, a large number of relations has been proposed in order to link the erosion threshold to the soil moisture (Belly, 1964; Saleh and Fryrear, 1995; Shao et al., 1996; Chen et al., 1996) . They consist mainly of numerical adjustments of the measured erosion threshold as a function of the soil moisture for a speci®c soil type (Belly, 1964; Shao et al., 1996; Chen et al., 1996) or for dierent types of soil (Saleh and Fryrear, 1996) . In fact, such empirical parametrizations fail to reproduce other experimental data sets than those from which they have been established. In contrast, McKenna-Neuman and Nickling (1989) developed a parametrization of the increase of erosion threshold for sand based on a physical approach of the cohesion reinforcement of wet soils. After a brief examination of the physical processes involved in the reinforcement of the soil cohesion, we will extent this parametrization to other soil types.
For soil moisture lower than the ®eld capacity, it is generally recognized (Hillel, 1980; Cornet, 1981 ) that the soil water (i.e. the liquid phase of the soil) is retained in the soil by two processes which interact with the soil matrix (i.e. the solid phase of the soil). Water wedges due to capillary forces are formed around the contact points of the grains and water ®lms due to molecular adsorption appear on the grain surface. These mechanisms of soil water retention are generally combined in the``matric interactions''.
The capillary forces (F c ) occurring in a wet soil were described by Fisher (1926) as the sum of (1) a dierence of pressure Dp, inside and out of the water wedge, and (2) a tension force exerted by the air/water interface. The capillary forces are then expressed as follows:
2 Ỹ X perimeter of the contact zone 2p 2 Y X surface tension of water (0.072 Kg/s), Dp : pressure de®cit between the inside and the outside of the water wedge,
R 2 : curvature radius of the waist of the water wedge depending on the soil moisture and grain shape, R 1 : curvature radius of the air-water interface depending on the soil moisture and grain shape.
As the atmospheric pressure outside the water wedge is taken as a reference, Dp can be reduced to the pressure de®cit P in the water wedge (Haines, 1925; Fisher, 1926; Hillel, 1980) . Haines (1925) and Fisher (1926) have applied Eqs. (1) and (2) to an ideal soil (i.e. spherical grains of uniform size) to explain the cohesion of wet soils (Fig. 1) . The overall good agreement of their model with measurements of soil cohesion for various soil moistures underlines the major role played by the interparticle component of the capillary forces in the reinforcement of the soil cohesion. However, the hypothesis of spherical grains with uniform size limits the application of this model. Indeed, in such an ideal case, the relations between the curvature radii R 1 and R 2 and the soil moisture involve only the grain diameter, while in a real soil (i.e. with various shapes and grain sizes), the curvature radii depend strongly on the geometry of the grain contact areas. Hence, the application of this model to natural soils may lead to erroneous conclusions (Allberry, 1950) .
The adsorption process is a complex phenomenon occurring at the interface between two phases. In the soil it occurs between the soil water and the soil matrix. Hillel (1980) indicates that the adsorption of water upon solid surface is generally of electrostatic nature. The polar water molecules attach themselves to the charged faces of the solid. The strength of the electrostatic attractive forces exerted on the water molecules (and consequently, the amount of water adsorbed at the surface of the grains) depends on the hygroscopic properties of the soil particles. The water adsorption around the grains is negligible for sands and increases with the soil clay content (Hillel, 1980) . Very few studies deal with this adsorption ®lm and its role in the wet soil cohesion.
However, Chepil (1956) and Chen et al. (1996) considered that the interparticle forces developed by Fig. 1 . Representation of the water wedge in an idealized soil (spherical grains of uniform size), adapted from Haines (1925) the adsorbed water ®lm are much lower than the interparticle capillary forces. This suggests that the reinforcement of the cohesion for wet soils is mainly due to the forces induced by the capillary eect, with a negligible in¯uence of the adsorption ®lm. Consequently, in terms of wind erosion, the increase of the threshold velocity with the soil moisture can be attributed in a large part to the interparticle component of the capillary forces.
Like Haines (1925) and Fisher (1926) , McKennaNeuman and Nickling (1989) based their model on a theoretical analysis of the interparticle capillary forces but they used a more realistic representation of the geometry of the contacts between grains. These authors considered that a reasonable approximation of the interparticle contact areas for natural grains is given by disymetrical cones. Applying these geometric considerations to Eqs. (1) and (2) they described the interparticle capillary forces as a function of P and an adimensional geometric coecient, G. G depends on the angles a and h (see Fig. 2 ).
In contrast to Eqs. (1) and (2), this expression does not involve the curvature radii, R 1 and R 2 . Thus, the only parameter depending on the soil moisture is P (called moisture tension by the authors) which decreases when the soil moisture increases.
In order to describe the erosion threshold of wet soils, McKenna-Neuman and Nickling (1989) linked this capillary forces model to Bagnold's (1941) expression of the erosion threshold for dry soils. In fact, they simply considered erosion threshold friction velocity for moist particles (u *tw ) as the product of the erosion threshold friction velocity for dry particles (u *td ) by a term proportional to the square root of the capillary force. This term is:
for a open packed system:
for a close packed system:
particle resting angle u *td dry erosion threshold friction velocity u *td : wet erosion threshold friction velocity To test this parametrization, McKenna-Neuman and Nickling (1989) have performed wind tunnel experiments with three sands of dierent mean diameter (190 lm, 270 lm, 510 lm). They determined the moisture tension from the soil moisture, using experimental desorption curves, also called retention curves (Hillel, 1980) . For the experimental range of moisture (0±2%), the thresholds computed by Eqs. (4) and (5) were found to be in good agreement with the measured thresholds (except for the highest soil moistures wherein the interparticle contacts coalesce). This suggests that the moisture tension would be the appropriate parameter to evaluate the wet threshold friction velocity.
However, McKenna-Neuman and Nickling (1989) underlined that, in its present state, their model cannot be applied to loam and clay soils.
Parametrization of the wind erosion thresholds of moist soils
Based on the described state-of-the-art knowledge two major conclusions can be drawn. First, the interparticle forces due to the adsorption ®lm are much lower than the interparticle capillary forces. Secondly (and consequently), the base on which the McKenna-Neuman and Nickling's (1989) model is built can be used to develop a more general parametrization of the increase of thresholds for dierent types of wet soil. 
Formulation of the parameterization of moist erosion thresholds
The parametrization developed by McKenna-Neuman and Nickling (1989) contains two types of variables: those describing the characteristics of the soil (G, D,b, q p ) and those characterizing the capillary forces due to the soil moisture (P). Thus, Eqs. (4) and (5) can be expressed as follows:
u *td ,u *tw : dry and wet erosion threshold friction velocities, P : moisture tension or capillary potential, f : function of the soil properties.
McKenna-Neuman and Nickling (1989) derived the moisture tension from experimental water retention curves by considering this tension as a direct function of the capillary forces. These experimental curves describe the water potential energy by unit of volume of the soil, generally called matric potential 1 , as a function of the soil moisture. Consequently, the matric potential represents all the interactions between the soil water and the soil matrix. Gardner (1970) proposed a well-recognized empirical relationship between the matric potential (Y) and the soil moisture (w):
a, b : positive parameters depending on the soil type w : volumetric soil moisture As mentioned already, the adsorption ®lm is relatively unimportant for sand due to low molecular forces. In this case, the matric potential can be considered as an indicator of the strength of the capillary forces and can be considered as equal to the moisture tension as assumed by McKenna-Neuman and Nickling (1989) . For other soils, a signi®cant part of the soil moisture is trapped in the adsorption ®lm due to the high molecular forces developed by the clay component of the soil. In this case, the matric potential includes not only the capillary forces but also the molecular adsorption forces. Consequently, it cannot be considered as equal to the moisture tension (Hillel, 1980) . Moreover, Hillel (1980) indicated that the capillary water and the adsorption ®lm are in internal equilibrium. Owing to this equilibrium, Hillel (1980) argued that it was not possible to obtain a relation between the moisture tension and the matric potential. A possible alternative is to use a relationship similar to Eq. (7) to express the moisture tension P.
For a sand, as mentioned the soil moisture is mainly composed of capillary water since the adsorption is negligible (w » w capillary ). In this case, the matric potential roughly equals the moisture tension (Y » P). Thus, Eq. (7) induces the following relationship between the moisture tension and the capillary moisture:
Gardner's coecients for sandy soils For any other type of soil, the total moisture w, held back in the soil, is divided between a soil moisture responsible for capillary forces w capillary and a soil moisture w adsorbed , included only in the adsorption ®lm: w w capillary w adsorbed 9
Assuming that the moisture tension for a non-sandy soil can be formally expressed in the same manner as for sand, and considering Eq. (9), a general expression of the moisture tension P as a function of the soil moisture content is:
By combining Eqs. (6) and (10), we obtain an expression of the erosion threshold ratio as a function of the soil moisture:
with A = f (soil properties)/a¢ According to the hypothesis sustaining Eq. (11), some dependence between the soil properties (geometry, soil type¼) of the coecients A, b¢ and w adsorbed can be expected.
Since Eq. (10) connects the moisture tension to the capillary water and not the matric potential to the soil moisture as in Gardner's retention curves, the coecients a¢ and b¢ dier from a and b in Eq. (7). Consequently, it is dicult to presume on their dependence on the soil type.
For the coecient A, the situation is clearer since it includes a description of the grain contact geometry. A at least, should depend on the soil structure.
Since the strength of the molecular adsorption forces depends on the soil clay content, w adsorbed should increase with the soil clay content. Moreover, due to the equilibrium between capillary and adsorbed water, w adsorbed should also depend on the total soil moisture (w). In fact, w adsorbed increases progressively with the total soil moisture until it reaches a limit, corresponding to the maximum amount of water that the adsorption molecular forces can trap (Hillel, 1980) . However, there are no studies quantifying the variation and limit value of w adsorbed as a function of the soil moisture. One possible approach consists in assuming that below a minimum soil moisture close to the limit value of w adsorbed (w¢), the equilibrium is shifted toward the adsorbed water, and hence, the capillary moisture does not induce strong cohesion forces. This means that w¢ corresponds to the minimum soil moisture from which the threshold velocity increases. Considering w¢ close to the limit value of w adsorbed implies that w¢ depends mainly on the soil clay content. Based on such an assumption, the parametrization can be expressed by:
The determination of A, b¢ and w¢ can be based on measurements of the threshold for various soil moistures and for dierent soil texture. Their variation with the soil properties will be examined in relation with this discussion.
Empirical determination of A, b¢ and w¢
The literature provides numerous wind tunnel measurements of wind erosion thresholds for many types of soil as a function of gravimetric soil moisture (Belly, 1964; Bisal and Hsieh, 1966; McKenna-Neuman and Nickling, 1989; Saleh and Fryrear, 1995; Chen et al., 1996) . However, these data have been obtained by using dierent experimental procedures which could lead to discrepancies in the results.
While soil moisture has always been determined by using an oven maintained at 105°C, the determination of thresholds has involved various procedures. One of the major dierences concerns the de®nition of threshold used. For Belly (1964) , the erosion threshold is the point where the grain movement was fully sustained, whereas for most of the other authors, it corresponds to the initiation of the grain movement. Such a dierence would lead to an overestimation of the thresholds measured by Belly (1964) .
Secondly, in some experiments the wind pro®le is not determined since the wind velocity is only measured at one height. In these cases, the reported results are wind threshold velocity (Fig. 3) , whereas in the other cases, the thresholds are expressed in term of threshold wind friction velocity (Fig. 4) . To make both parameters comparable, the Prantl-Von Karman's relation can be used:
u *tw , u *td : wet and dry threshold wind friction velocities u tw (z), u td (z): wet and dry threshold wind velocities at the height z z 0d , z 0w :
surface roughness lengths of the dry and wet soils
The ratio of wet to dry threshold wind friction velocity (u *tw /u *td ) is proportional to the ratio of wet to dry threshold wind velocity (u tw (z)/u td (z)), weighted by a coecient K depending on the roughness lengths of the dry and wet soil. If the surface roughness length is not modi®ed by the increase of the soil moisture, the two ratios can be considered as equal. To estimate the in¯uence of a possible change of the surface roughness, the coecient K was computed for various dry surface roughness lengths, assuming that the increase of the soil moisture has lead to a wet roughness length two times greater or lower than its initial dry value. For initial roughness lengths in the range of those measured on bare soils in wind tunnel (from 10 A2 to 10 A4 cm), the values of coecient K always range between 0.9 and 1.1. This suggests that when the change in surface roughness length induced by the increase of the soil moisture is (1989); (4): Saleh and Fryrear (1995) neglected, an uncertainty of less than 10% is found in the ratio of wet to dry threshold wind friction velocity. The measured threshold ratios u *tw /u *td or u tw (z)/u td (z), were plotted versus the gravimetric soil moisture (w) for various types of soil (from sand to clay) (Fig. 5) . The results clearly point to an increase in threshold ratios with w occurring at higher soil moisture when the soil clay content increases. A similar pattern is observed for the increase of the threshold ratio for various types of soil (except for the data obtained by Belly 1964 and by Saleh and Fryrear 1995 for a loamy sand). Despite the experimental limitations previously mentioned, these results show a great consistency over the various experimental data sets.
As a ®rst step, we have adjusted Eq. (12) to the measured ratios for each soil to determine the value A, b¢ and w¢ (Table 1) .
The values obtained for A, and b¢ are more or less constant from one soil to another. Except for the outlier values obtained for Belly's (1964) data set (due to an overestimation of the measured thresholds) and for the loamy sand from Saleh and Fryrear's (1995) data set, mean values of 1.3 0.2, and 0.7 0.1 are obtained for A and b¢ respectively. These low standard deviations and the lack of clear trend of variation from one soil to another suggest that a constant value for A and b¢ could be used in a ®rst approximation. However, the behaviour of w¢ is dierent: it increases continuously with the soil clay content (from 0 to about 12%). Thus, a second ®t was performed, assuming that A and b¢ are constant for all soils, w¢ being the only term to vary according to the soil clay content. All sands were considered as one soil containing 0% clay.
The values resulting from this test are 1.21 and 0.68 for A and b¢ respectively, i.e. close to the mean values obtained in the former ®t. Again, w¢ increases with the soil clay content, (Table 2 ) following a second order polynomial equation (Fig. 6) .
The mean relative error induced by Eq. (14) is about 12%.
Finally, using the experimental data available in the literature, the coecient A and b¢ were determined and found to be independent of the soil texture. A numerical relationship was established to retrieve w¢ from the soil clay content. An operational parametrization of the increase in the wind erosion thresholds as a function of the soil moisture is thus given by:
Validation
To evaluate the level of con®dence of the developed parametrization, we have compared the threshold ratios computed from Eq. (15) to measured values (Fig. 7) . Since w¢ is derived from the soil clay content, we used only the experimental data sets for which the soil clay content was determined. Moreover, in order to be consistent with the previous discussion, data from Belly (1964) and the loamy sand from Saleh and Fryrear (1996) were discarded. Despite a slight scattering of the data, Eq. (15) satis®es the measured thresholds. The mean relative error is 6.8% and for about 83% of the data the relative error is lower than 10%. This agreement is well illustrated in Fig. 8 , where the measured and computed ratios were plotted versus the gravimetric soil moisture for each tested soil. For each texture class, the general trend of increase of the erosion threshold observed for the experimental data is well reproduced by Eq. (15), as well as the shift in the minimal soil moisture for which the threshold ratio increases.
This comparison indicates that the developed parametrization allows us to reproduce the observed increase of the thresholds due to soil moisture for the dierent soil textures likely to be encountered in semi-arid areas.
Concluding remarks
The satisfactory agreement obtained between the computed and experimental threshold ratios enables us to discuss hereafter the physical meaning of the coecients.
The coecient A expresses the in¯uence of the soil structure (grain size, shape of the grain contact, packing¼) on the wind thresholds. For the three sands for which information on grain mean diameter was available (McKenna-Neuman and Nickling, 1989) , coecient A decreases slightly from a ®ne sand to a coarse sand. In a ®rst approximation, we have considered it independent of the soil type. The good agreement observed between computed and measured threshold ratios indicates that such an approximation does not aect the results signi®cantly. If coecient A constitutes a potential indicator of the in¯uence of soil organisation on thresholds, these results suggest that this in¯uence is negligible compared to that of soil texture. The coecient b¢ is one of the parameters linking the moisture tension to the soil moisture, w. It was found to be constant and equal to 0.68. This value corresponds to the coecient b of Gardner's retention curves that can be estimated for sands (Mougin et al., 1995; Cornet, 1981) . This suggests that the soil moisture eect on the wind threshold can be considered identical for all soil textures and similar to that observed for sands, once the fraction of the soil moisture, which does not aect the reinforcement of the soil cohesion, has been subtracted.
We have de®ned w¢ as the minimal soil moisture required to induce an increase in threshold. From experimental data obtained for various soil types, this minimal moisture was found to increase with the soil clay content. The clayey component of the soil is known to in¯uence the adsorption capacity of the soil, since it is responsible for electrostatic forces that maintain the water at the grain surface (Hillel, 1980) . This suggests that w¢ is related to the maximum amount of water that can be retained in the soil by the adsorption ®lms forming at the surface of the soil grains. Such a relation is thus consistent with the hypothesis of water separation in the soil sustaining our parametrization.
The limitations of this parametrization are linked to the main hypothesis on which it is based. The ®rst one is that the capillary forces are responsible for threshold increases observed when the soil moisture increases and the adsorption processes do not induce signi®cant interparticle cohesion forces. Secondly, due to the lack of a precise description of the water separation in the soil matrix, it was considered that, until a minimum soil moisture w¢ exists, close to the maximum adsorbed water amount, the capillary water induces negligible cohesion forces. This implies that below w¢, the threshold is not in¯uenced by an increase of the soil moisture and the ratio of wet to dry erosion thresholds remain constant and equal to 1. In fact, some authors have observed a slight increase of the erosion threshold (Chen et al., 1996) or a slight decrease of the erosion¯uxes (Chepil, 1956 ) for soils with low moisture. They argued that the adsorption processes, dominant in this moisture range, produce low cohesion forces responsible for this progressive increase. Due to the equilibrium between the capillary and the adsorbed water, this increase may also be due to low capillary forces. A quantitative description of this equilibrium could enable a more precise simulation of the increase of the erosion thresholds for soils in the low soil moisture range.
Despite these limitations, the parametrization developed in this work ful®lls the two main initial objectives of this study: 1. To describe the increase of the threshold for dierent soil textures with a satisfying con®dence level. 2. To require only the soil moisture and the soil clay content as additional input parameters to those used in large-scale models of the mineral dust cycle,. These two parameters are easily accessible at the considered scale. The soil moisture can be modelled from simple models of the soil water balance (precipitation-evaporationevapotranspiration) as a function of meteorological parameters (precipitation rate, temperature, albedo) and on the soil type. The soil clay content, which controls the minimal soil moisture for the threshold increase, can be derived from texture maps (Zobler, 1980) that are generally used in the large-scale modelling of the mineral dust cycle. Topical Editor J.-P. Duvel thanks two referees for their help in evaluating this paper. (4): Saleh and Fryrear (1995) 
